Abstract: Bistatic frequency-modulated continuous wave (FMCW) synthetic aperture radar (SAR) mounts the radar transmitter and receiver on separate platforms, which offers considerable capabilities, reliability and flexibility in designing FMCW SAR missions. Moreover, the spatial separation achieves better isolation between transmission and reception channels compared with the monostatic FMCW SAR where the two separate dedicated antennas are fixed on one platform. In this study, a bistatic FMCW SAR signal model is proposed to formulate the bistatic slant range history in bistatic FMCW configuration. Based on the preceding model, an approach is presented to deal with the double-square-root (DSR) term, and thus an accurate FMCW bistatic point target reference spectrum (BPTRS) is derived. Besides accurately addressing the signal characteristics of bistatic FMCW SAR, the proposed spectrum also significantly simplifies the signal processing of bistatic FMCW SAR, which will really push the applications of bistatic FMCW SAR in remote sensing fields. Furthermore, based on the proposed BPTRS, an extended inverse chirp-Z transform (EICZT) algorithm is proposed to process the bistatic FMCW SAR data by introducing a perturbation function to deal with the range-variance of second-and third-order range-azimuth coupling terms. Two simulation experiments are carried out to verify the accuracy of this novel formulation and highlight the performance of the proposed focusing approach.
Introduction
Frequency-modulated continuous wave (FMCW) synthetic aperture radar (SAR) offers a lightweight, high-resolution and cost-effective imaging sensor of high resolution which can work all weather by combining FMCW and SAR techniques [1] [2] [3] [4] [5] [6] [7] [8] . An FMCW system reduces the transmitter peak power by prolonging the pulse duration, which simplifies the transmitter design, increasing both performance and reliability as well as reducing the risk of breakdown or arcing in the high-power cables [9] . Therefore the subject of design and processing for FMCW SAR configuration is gaining an increasing interest in the remote sensing scientific community. In the last 10 years, there have already been several successful FMCW SAR systems that have made great contributions to the microwave remote sensing fields [1] [2] [3] [4] [5] [6] [7] [8] .
FMCW SAR transmits and receives the modulated signal continuously (i.e. approximately 100% duty cycle) -which usually requires separately dedicated transmit and receive antennas [10] . However, it is difficult to achieve the antenna isolation (less than 280 dB) if the two separate antennas are settled on the same platform. Bistatic FMCW SAR is an extension of the traditional monostatic FMCW SAR with increased flexibility [11 -17] , which can readily overcome the antenna isolation problem by mounting the radar transmitter and receiver on separate platforms.
With the advantages of smaller size, lower cost, more agile reaction and more flexible designing, bistatic FMCW SAR systems are going to play an important role in airborne and spaceborne remote sensing fields. Thus, bistatic FMCW SAR have a great potential for remote sensing applications such as frequently monitoring the dynamic earth. One promising remote sensing application is further extended to use multiple passive, low-cost and light-weight satellite receivers in conjunction with a medium-orbit or high-orbit satellite [15] , which can reduce the revisit times and thus allows for the fast forehanded warning about global risks and threats of natural disasters and man-caused emergencies. Furthermore, combining with Digital BeamForming (DBF) technology, bistatic FMCW SAR constellations have the potential to avoid severe restrictions, such as blind zones in range [16] , which will achieve highresolution and wide-swath images, and at the same time, improve both the signal-to-noise ratio and the radiometric resolution of processed SAR images. Thus, bistatic FMCW SAR can be applied in global oceanographic remote sensing field to estimate bistatic ocean wave spectra and the accurate retrieval of wind speed and sea state parameters.
However, bistatic configurations bring increased complexity in processing raw data to images with respect to that of monostatic SAR [12 -23] . Simultaneously the conventional bistatic SAR signal model fails to describe the FMCW signal as the variation of the instantaneous slant range during the long pulse time is no longer negligible [1] , which leads to the failure of the stop-and-go approximation. The bistatic point target reference spectrum (BPTRS) is an important basis of the focusing issue for bistatic FMCW SAR, since it improves the processing efficiency by performing focusing in the frequency domain [11 -13, 22, 23] . The BPTRS can be directly derived by applying the method of stationary phase in the monostatic case; however, in bistatic configurations, this approach is more complicated. Owing to the superposition of the range histories of transmitter and receiver, we end up with the sum of two different hyperbolic range equations, being expressed as a double-square-root (DSR) term and giving the bistatic range history in the form of a flat top hyperbola (FTH) [12, 22] . To circumvent the limitation of DSR, an approach is proposed to derive the BPRTS for the FMCW SAR configuration, by paying attention to the effects of the continuous motion during the transmit event. This variation during the transmitting time introduces an additional range walk term compared to the conventional SAR BPTRS.
Based on the proposed signal spectrum, an extended inverse chirp-Z transform (EICZT) algorithm is further developed to focus the bistatic FMCW SAR data. Unlike the conventional inverse chirp-Z transform (ICZT) algorithm [24 -28] , which neglects the range-variance of second-and higher-order range-azimuth coupling terms, the proposed approach carries out a perturbation function multiplication (PFM) in the azimuth Doppler -range time (Doppler-time) domain to deal with the range variance of the second-and third-order terms. Then the residual signal is reformulated to accommodate the demand of ICZT, by which the range-variant range cell migration (RCM) is corrected [24 -28] . Simulation experiments are carried out to verify the accuracy of this novel model and highlight the performance of the proposed focusing algorithm. Simulation experiments show that the proposed BPTRS accurately describes the bistatic FMCW SAR spectrum, where the conventional pulsed bistatic SAR BPTRS fails. The proposed EIZCT performs well under a parallel tracks bistatic FMCW SAR configuration. This means that the proposed BPTRS and imaging approach can be extended to the future bistatic FMCW SAR applications.
The paper is organised as follows. In Section 2, the signal model and BPTRS of bistatic FMCW SAR are derived. In Section 3 the EICZT approach is developed specially for the bistatic FMCW SAR data. Hereafter, simulation experiments are carried out and the processing results are shown in Section 4. Finally, conclusions are reported in Section 5.
Signal model and BPTRS
The bistatic FMCW SAR imaging geometry is shown in Fig. 1 , and the mathematical symbols and their definitions used in this paper are given as follows: The stop-and-go approximation is commonly used in pulsed SAR configurations, where it is assumed that the instantaneous slant range from the antenna to the target is not influenced by the slow time variables. In the case of the continuous-wave (CW) SAR, however, the stop-and-go approximation does not hold because of the continuous move during the long pulse time [1] , thus instantaneous slant ranges are determined by both the range and azimuth variables. To develop the desired BPTRS for bistatic FMCW SAR system, an analysis of the roundtrip delay time for the wave propagation is performed. The roundtrip delay time t d is expressed as
where
Define the transmitted signal as a chirp which is expressed as s(t) ¼ exp(jpK r t 2 ), neglecting the time-scaling influence on the pulse envelope, the echoed signal is expressed as
For the FMCW mode, the pulse duration is of the order of milliseconds, corresponding to the pulse repetition interval. This is thousands of times as the pulsed SAR, so dechirpon-receive technology is generally used in the FMCW SAR system to reduce the sampling requirements and data rate [1, 9, 18] . The reference signal for dechirp processing is 
where s * (t) denotes the conjugate of the transmitted signal, and t c is the time delay of the reference signal, which is defined as t c ¼ 2R c /c. Thus, the signal after dechirp operation is expressed as
The last exponential term of (6) is well known as the residual video phase (RVP) [9, 18] . RVP correction can be performed through Fourier transformation (FT), phase multiplication and inverse FT (IFT) [9, 18] . After RVP correction, we perform the time -frequency substitution of f ¼ K r t(t 2 t c ) to segment the received signal into the 2-D discrete domain, which is formulated as
To obtain the desired bistatic FMCW BPTRS, we apply FT to (7) with respect to the azimuth time variable t, that is
Consequently, the principle of stationary phase can be readily applied to obtain the solution of the integral to derive the desired BPTRS. At the point of stationary phase, the first derivative of the phase F(t, t, f, f t ) is zero, that is
Thus, the Doppler frequency f t and the point of stationary phase t s can be related as
Equation (11) contains two square roots, so it is difficult to achieve the analytical relation between the Doppler frequency and the point of stationary phase directly [11, 12, 22, 23] , so we decompose the Doppler frequency into two parts where each of them is related to the point of stationary phase by a single square root. For notational convenience, we express the azimuth frequency as a receiver and transmitter contribution, writing
Solving (13) for t s and substituting it into (2) for t, we obtain the formulation of slant trajectory of the transmitter in the two-dimensional (2D) frequency domain
The formulation of receiver trajectory in the 2D frequency domain can be formulated by solving (14) for t s and substituting it into (3) for t, that is
Substituting (15) and (16) into (11) yields
Consequently, the analytical expression of the point of stationary phase is developed from (17) , which is expressed as (see (18)) Substituting (18) into (13) and (14), respectively, we obtain
Substituting t s in (18) on the right side of (8) for t gives the desired bistatic FMCW SAR BPTRS
Some brief remarks concerning (21) are outlined subsequently to help to understand the characteristics of this bistatic FMCW SAR spectrum:
where the bistatic FMCW SAR configuration reduces to a monostatic case, the bistatic FMCW BPTRS (21) will be the same as the monostatic FMCW SAR spectrum [1] . 2. Compared with the pulsed SAR BPTRS [22] , we can find that (21) contains an additional range-azimuth coupling term 22pf t f/K r , which does not present in the pulsed SAR spectrum. This term is introduced by the variation of the slant range during the long pulse duration. The coupling term is the essential difference between this proposed spectrum and the one for pulsed SAR.
3. The fourth term, that is
is dependent on the zero-Doppler time of the transmitter and receiver, which determines the azimuth registration position of the target after azimuth compression. 4. The bistatic FMCW SAR spectrum proposed in this paper and the monostatic FMCW SAR spectrum share the last two terms, that is (24p( f 0 + f )R c /c and 24pf t R c c), which are introduced by the dechirp-on-receive operation, and refer to the constant range and azimuth shifts, respectively.
Signal processing algorithm
It is noted that after dechirp-on-receive operation, the received echo signal is no longer a chirp signal. Therefore the inverse chirp-Z transform (ICZT) is well suited for FMCW radars since it does not depend upon the signal form. Nevertheless, conventional ICZT algorithms neglect the range-variant effect of the second-and higher-order terms, which limited the algorithm to handling broadside configurations or low-squint configurations [24 -28] . In this section, an approach based on extended chirp-Z transform (EICZT) is proposed to process the bistatic FMCW SAR data in high-squint configurations by paying attention to the range-variance of second-and third-order terms. Before the EICZT algorithm is proposed, the bistatic FMCW SAR signal model has to be reformulated to meet the demands of processing.
Note that R 0R can be expressed as
where R mR denotes the closest range from the scene centre to the receiver, r denotes the zero-offset receiver-to-target range variable.
The geometric image transformation is used to map R 0T onto R 0R and further express R 0T as a function of R 0R and R mR [21, 29] . According to Fig. 2 , the one-to-one relationship between R 0T and R 0R can be formulated as
where d is the projection of constant offsets orthogonal to the flight track in the broadside direction.
Expanding (23) as the first-order Taylor series in terms of r/ R mR yields
Thus, the proposed signal spectrum can be reformulated as
Based on the reformulation of the proposed BPTRS, the signal can be focused by EICZT algorithm. The processing procedure is shown in Fig. 3 and the basic processing steps are outlined as follows:
1. Remove RVP from the raw signal. 
Perform azimuth FT to transform the signal into 2D frequency domain, which is then expressed as (26). 3. Carry out reference function multiplication (RFM) to compensate for all range-invariant shifts, which is expressed as
The remaining phase after RFM operation is expressed as
4. Carry out range IFT to transform the signal to Dopplertime domain, thus the phase is expressed as
The details of developing (30) are proposed in Appendix 1. 5. PFM operation is ready to be carried out consisting of second-and third-order terms, which is expressed as
where (see (32)) The development of (32) is proposed in Appendix 2. The residential phase after PFM operation is expressed as
6. Applying FT to the signal, the signal is transformed to a 2D frequency domain, where the phase is expressed as
where 
7. Another RFM operation is performed to remove all the range-invariant phase, which is expressed as
After which the residential signal is expressed as
8. ICZT operation is ready to be carried out to compensate for the range-variant RCM by correcting the scaling factor in the range direction
The new kernel for this operation is expressed as
Then (39) can be formulated as
Thus, the ICZT operation can be carried out through one convolution and two multiplications. The signal after ICZT is in range-Doppler (RD) domain which is expressed as
where p r (t) is the sinc-like pulse envelope in the range direction. From (43) we can see that the scaling factor is equalised to be unity after ICZT operation, meaning the RCM is completely corrected. 9. Then azimuth compression is accomplished by multiplying (43) with a function which is formulated as
The signal after the azimuth compression is expressed as
10. Performing IFT in azimuth to transform the data into the complex image domain yields
where p a (t) is the sinc-like compressed pulse envelope in the azimuth direction.
Simulation experiments are carried out in the following section to validate the accuracy of the proposed bistatic FMCW SAR BPTRS and highlight the focusing performance of the proposed algorithm.
Simulation experiments
In this section, two simulation experiments in high-squint configuration are performed to validate the proposed bistatic FMCW BPTRS and the proposed focusing algorithm. The first simulation involves a case of non-parallel tracks with high squint angles. The target is focused by the proposed BPTRS and compared with the one focused by pulsed bistatic SAR BPTRS developed in [22] . The second one considers a bistatic FMCW case in parallel tracks, which is aimed at validating the performance of the proposed focusing algorithm. To quantify the precision of processing, the impulse response width (IRW), peak sidelobe ratio (PSLR) and integrated sidelobe ratio (ISLR) are used as criteria. For the ongoing simulation, we assume the window functions of rectangular shape in both directions.
BPTRS accuracy validation of the proposed spectrum
A non-parallel tracks configuration is designed aimed at validating the accuracy of the proposed BPTRS for bistatic FMCW SAR. Under this configuration, the pair of tracks is assumed to be orthogonal, as shown in Fig. 4 . The system Fig. 4 Bistatic FMCW SAR geometry in orthogonal tracks parameters are listed in Table 1 . As it shows, in this experiment, all the parameters of the transmitter and receiver are different, including the flight direction, the aircraft velocity, the platform altitude and the antenna look angle. Moreover, the system is designed in high squint configuration, where the squint angle of the transmitter is 458 and the squint angle of the receiver is 408. For this case, we only consider the focusing of one point target by matched filtering to verify the validity of the derived reference spectrum, as shown in Fig. 5 .
Choosing the shortest slant range from the target to the receiver as the reference ranges, using the proposed BPTRS, the focused target is shown in Fig. 6a . For clarity, the 2D impulse response function is zoomed in and shown in Fig. 6b . The target parameters are listed in Table 2 . From Table 2 , it can be seen that the measured quality parameters agree well with the theoretical values. The simulation results show that the target is well focused by the proposed BPTRS, which shows that the proposed signal model and the FMCW BPTRS are accurate under non-parallel tracks bistatic configuration with high squint angles and capable of describing general bistatic configurations. For comparison, the same target is focused by the BPTRS developed in [22] for pulsed bistatic SAR, where the stop-and-go approximation is used. The focusing result is shown in Fig. 6c and its impulse response is shown in Fig. 6d . The measured quality parameters are listed in Table 2 , which are far from the theoretical values. The measured IRWs in range and azimuth have a maximal broadening by a factor of 94.37%. The 2D ISLRs deviate from the theoretical values of 29.72 dB by more than 4 dB. The deviations of PSLRs are more than 3.3 dB with respect to the theoretical value of 213.26 dB. Obviously, the pulsed bistatic SAR BPTRS fails to describe the bistatic FMCW SAR signal, which indicates that the proposed BPTRS is highly required for bistatic FMCW SAR signal processing.
Signal processing approach validation
To validate the performance of the proposed signal processing algorithm, a parallel tracks configuration is designed as shown in Fig. 7 . In this simulation, the squint angle of the receiver and transmitter are 45 and 308, respectively. The system parameters that are different from the first experiment are listed in Table 3 . The ideal IRW is 1.36 samples in azimuth and 1.18 samples in range. To highlight the focusing capacity of the proposed EIZCT algorithm, the designed scene contains nine point targets, as shown in Fig. 8 , where PT5 is located in the scene centre, PT4 and PT6 have the relative slant ranges: 2200 and 200 m, and PT2 and PT8 have the relative zeroDoppler time: 20.2 and 0.2 s, respectively, with respect to PT2.
The following experiments are carried out following the proposed signal processing procedure in Fig. 3 . The focused scene is shown in Figs. 9a and b showing the impulse response functions of target PT9, respectively. The target parameters are listed in Table 4 ; we can see that the measured IRWs in range and azimuth have a maximal broadening by a factor of 0.37%, thus agreeing well with the theoretical values of 1.36 samples in azimuth and 1.18 samples in range. The 2D ISLRs deviate from the theoretical values of 29.76 dB by no more than 0.03 dB. The deviation of PSLRs in range and azimuth is less than 0.04 dB with respect to the theoretical value of 213.26 dB. Therefore it means that the proposed EIZCT algorithm works well for a parallel tracks bistatic FMCW SAR configuration.
The successes of the two experiments proved the accuracy of the proposed BPTRS for general bistatic FMCW SAR configuration model and the capability of the proposed approach in focusing bistatic FMCW SAR data. This indicates that the proposed signal spectrum model and imaging approach can be extended to the future bistatic FMCW SAR applications, which will contribute a lot to the development of future remote sensing applications. 
Conclusion
In this paper, an accurate signal model is proposed to formulate the bistatic FMCW SAR data, where the effects of the continuous motion during the long pulse duration time is addressed. Based on the signal model, the BPTRS is derived specially for FMCW SAR. The bistatic FMCW SAR BPTRS contains an additional range-azimuth coupling term compared with that of the pulsed SAR. Based on the proposed signal spectrum, an EICZT algorithm is further developed for focusing the bistatic FMCW SAR data in high squint configurations. Simulation experiments are carried out to verify the accuracy of this novel model and the proposed signal processing algorithm, which show that the proposed formulation accurately describes the general bistatic FMCW SAR spectrum, and the presented signal processing approach performs well in high squint parallel tracks bistatic FMCW SAR configurations. This means that the proposed signal model and imaging algorithm can be extended to the future bistatic FMCW SAR applications with highly reduced cost.
Appendix 1
This appendix is aimed at showing the details of developing (30) from (29) . Equation 29 can be reformulated by expanding the square roots using Taylor series, that is, (see (47)) where 
Performing range IFT to the signal yields G RFM 1 (f t , t) = exp(−jF RFM 1 (f t , f )) exp (j2pft) df = exp (jF 1 (f t , f , t)) df (50) where (see (51)) According to the principle of stationary phase, at the point of stationary phase, the first derivative of F 1 ( f t , f, 
